Assembly of silent chromatin domains in budding yeast involves the deacetylation of histone tails by Sir2 and the association of the Sir3 and Sir4 proteins with hypoacetylated histone tails. Sir2 couples deacetylation to NAD hydrolysis and the synthesis of a metabolite, O-acetyl-ADP-ribose (AAR), but the functional significance of NAD hydrolysis or AAR, if any, is unknown. Here we examine the association of the Sir2, Sir3, and Sir4 proteins with each other and histone tails. Our analysis reveals that deacetylation of histone H4-lysine 16 (K16), which is critical for silencing in vivo, is also critical for the binding of Sir3 and Sir4 to histone H4 peptides in vitro. Moreover, AAR itself promotes the association of multiple copies of Sir3 with Sir2/Sir4 and induces a dramatic structural rearrangement in the SIR complex. These results suggest that Sir2 activity modulates the assembly of the SIR complex through both histone deacetylation and AAR synthesis.
Introduction
Silent chromatin domains play a central role in the regulation of gene expression and maintenance of chromosome stability. In the budding yeast Saccharomyces cerevisiae, the HM mating-type loci and telomeres are packaged into silent chromatin (Gasser and Cockell, 2001 ; Rusche et al., 2003) . In addition, silencing inhibits recombination within the ribosomal DNA (rDNA) locus, stabilizing this highly repetitive portion of the genome, which contributes to extension of replicative life span (Bryk et al., 1997; Gottlieb and Esposito, 1989 ; Guarente, 2000; Smith and Boeke, 1997). Silent chromatin in budding yeast is functionally analogous to heterochromatin, a widely conserved feature of eukaryotic chromosomes that is required for chromosome stability (Grewal and Moazed, 2003) .
Research in a number of biological systems indicates fundamental similarities in the molecular mechanisms that assemble silent chromatin domains (Moazed, 2001 ). Silencing proteins are initially recruited to chromatin via sequence-specific interactions at silencing "initiation" regions. Then, sequence-nonspecific "spreading" oc- curs, whereby large chromosomal regions are coated with silencing proteins. Current models predict that two types of interactions underlie the "spreading" phenomenon: interactions among various silencing proteins themselves and interactions between one or more silencing proteins and the conserved amino termini of histones H3 and H4. Spreading is thought to be triggered by a histone-modifying activity in one of the silencing proteins, which, upon its initial binding to chromatin, modifies adjacent histone tails and increases their affinity for silencing proteins. Interactions between silencing proteins then bring in more of the modifying enzyme, allowing repeated cycles of histone modification and binding of silencing proteins.
In In broad outline, this model is consistent with experimental data to date, but many mechanistic details still need to be clarified. First, the exact nature of the interactions between Sir proteins that mediate spreading is unknown. In addition to the strong interaction between Sir3 and Sir4, Sir3 also has been shown to selfassociate (Enomoto et al., 2000; Moretti et al., 1994 ). The nature of this self-association, or its relevance for silent chromatin assembly, has yet to be established.
The interactions between Sir proteins and histones are also poorly defined. Previous experiments have shown that a C-terminal fragment of Sir3 has affinity for the H4 N-terminal tail and that the k a for this interaction is increased when the tail is hypoacetylated at any of the invariant lysines in the H4 tail (Carmen et al., 2002 In this study we address these questions using an in vitro system composed of full-length Sir proteins purified from yeast and various peptides corresponding to the N-terminal tail of histone H4. Our results provide a detailed picture of the interactions between Sir proteins that contribute to silencing and yield new insight into specific recognition of histone tails by the SIR complex. Importantly, we provide evidence that AAR, the product of NAD-dependent deacetylation, is directly involved in regulating SIR-complex assembly.
Results
In order to obtain sufficient quantities of full-length Sir proteins for biochemical analysis, we developed a system based on protein overexpression in yeast cells. We constructed a strain that overexpresses HA-Sir2 and an amino-terminally TAP-tagged Sir4 protein from the inducible GAL1 promoter (GAL1-TAP-SIR4, GAL1-HA-SIR2). TAP-tagged Sir3 was overproduced from a high copy 2 micron GAL1 plasmid by itself (GAL1-SIR3-TAP). After induction on galactose, we obtained near-milligram amounts of a stoichiometric Sir2/Sir4 complex and Sir3 from each of the above strains, respectively ( Figure 1A ). In addition, we used baculovirus-produced Sir2 and bacterially produced Sir2, Sir3, and Sir4 fragments to confirm or extend previous observations on the interaction of Sir proteins with histones and each other. Figures 1E and 1F ). We were unable to examine the interaction of full-length Sir4 with Sir2 or Sir3 because in sir2D cells, Sir4-TAP was unstable and could not be purified ( Figure S1 ). We verified the interaction of Sir3 with Sir2 and with Sir4-C2 using an independent pull-down assay and found that both Sir4-C2 and GST-Sir2 bound to calmodulinSepharose containing immobilized Sir3-CBP but not to empty calmodulin-Sepharose; moreover, Sir3 and Sir2-His 6 bound to GST-Sir2 but not to GST (data not shown). These results confirm previous two-hybrid and pull-down experiments (Hecht et Figure 1F ). In addition, the binding of additional Sir3 to immobilized Sir3 on the SPR chip resulted in a 2-fold increase in the affinity for Sir2/Sir4 ( Figures 1C and 1F) , suggesting that selfassociation of Sir3 may result in an increase in its affinity for Sir4. Figures 2C and 2E ). This may indicate the presence of additional Sir3 binding surfaces on the tetramer or simply the cooperative contribution of both H3 and H4 tails in the tetramer to binding. In addition, the binding of free Sir3 to Sir3 already immobilized on the chip resulted in a w5-fold increase in affinity for the H4 amino-terminal peptide as well as H3/H4 tetramers ( Figures 2B, 2D , and 2E), suggesting that Sir3 multimerization may increase its affinity for histone tails.
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Sir3 Can Self-Assemble into Distinct Oligomeric Forms
The Sir3 protein has previously been shown to interact with itself in two-hybrid assays (Enomoto et al., 2000; Moretti et al., 1994). Because our data suggested that self-association of Sir3 may enhance its affinity for Sir4 and histones (Figures 1 and 2) , we used a variety of methods to examine the ability of Sir3 to self-associate. In gel filtration experiments, Sir3 eluted at an apparent size of 600 kDa ( Figure 3A) , which is consistent with the size of a Sir3 tetramer or, alternatively, an elongated monomer or dimer. However, in native polyacrylamide gels, Sir3 migrated as several species that were consistent with oligomeric states ranging in size from dimers to at least decamers ( Figure 3B ). The existence of these oligomeric states was confirmed after crosslinking using the bifunctional reagent 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride/N-hydroxysuc- cinimide (EDC/NHS) and analysis on a denaturing polyacrylamide gel ( Figure 3C ). Moreover, analysis of Sir3 using equilibrium density centrifugation in an analytical ultracentrifuge revealed a density distribution indicating a mixture of Sir3 dimers to octamers ( Figure 3D) .
We confirmed the existence of Sir3 oligomers by examining purified Sir3 preparations using negative-stain electron microscopy (EM). As shown in Figure 3E , images of Sir3 preparations revealed particles of heterogeneous size and shape. Classification of these particles using the SPIDER software (Frank et al., 1996) revealed many different classes of particles ( Figure S2 ). The two major classes of particles, large globular particles that are consistent in size with tetramers or octamers and smaller particles that appear to represent dimers, are shown in Figures 3F and 3G , respectively. Projection averages of each class are shown in the lower panels of Figures 3F and 3G , but the round shape and a lack of strong internal features in the particles thwarted our efforts to produce reliable 3D reconstructions. Together, the above results demonstrate that Sir3 can form higher-order oligomers that in solution range in size from dimers to octamers. However, the exact distribution of the various oligomeric forms appears to be sensitive to experimental conditions. For example, tetramers and higher-order oligomers are more prevalent than dimers in native polyacrylamide gels ( Figure  3B ), whereas in solution dimers are the predominant species ( Figures 3C and 3D ).
NAD-Dependent Substrate Deacetylation Facilitates the Incorporation of Sir3 into the SIR Complex and Induces a Dramatic Structural Rearrangement
Although SPR spectroscopy experiments showed that the Sir2/Sir4 and Sir3 complexes could interact with a high affinity, a number of previous observations have suggested that the assembly of these proteins into a complex may be a regulated event. For example, only a fraction of Sir3 coimmunoprecipitates with Sir2/Sir4 from yeast extracts (Rudner et al., 2005) . To determine whether a SIR complex containing all three Sir proteins could be assembled in solution, we incubated purified TAP-Sir4/HA-Sir2 complexes, immobilized on IgG-Sepharose beads, with purified full-length Sir3 to allow com- plex formation. Following the removal of unbound Sir3 by several washes, the entire complex was eluted using TEV protease as diagrammed in Figure 4A . Gel electrophoresis of the bound and unbound fractions and Coomassie staining showed that this scheme resulted in the assembly of a near stoichiometric 1:1:1 complex containing Sir2, Sir3, and Sir4 ( Figure 4B) .
We noticed that substoichiometric amounts of Sir3 bound to the Sir2/Sir4 complex at shorter incubation times. These conditions allowed us to test whether histone H4 peptides and/or Sir2 enzymatic activity could enhance the formation of a complete SIR complex. Using shorter incubation times, we performed a series of binding experiments in the presence of histone peptide substrates and NAD and analyzed 2-fold dilutions of eluted SIR complexes by Coomassie staining to allow an estimation of the relative amount of Sir3 bound to Sir2/Sir4. Under these conditions, small amounts of Sir3 bound to the Sir2/Sir4 column in the absence of an H4 peptide ( Figure 4C, reaction 1) . In the absence of NAD, the addition of an H4 peptide, whether acetylated or not, had no effect on complex assembly ( Figure 4C,  reactions 2 and 3, respectively) . Surprisingly, in the presence of NAD, addition of a tetra-acetylated H4 peptide to the reaction resulted in a marked increase in the amount of Sir3 bound to Sir2/Sir4 ( Figure 4C Figure 4E ) under these assembly conditions. We also observed a small increase in the ratio of Sir3 to Sir4 in reactions that contained NAD, but this increase appears to be due to the loss of some Sir4 from the SIR complex ( Figure 4C , compare reactions 1 and 4; Figure 4E ). In control experiments using a Sir2/Sir4 complex that contained an enzymatically inactive Sir2-H364Y protein, no increase in assembly was observed under any of the above conditions (data not shown). These results demonstrate that active deacetylation of a histone substrate by Sir2 affects the interaction of Sir3 with Sir2/Sir4 and increases the relative ratio of Sir3 to Sir2 and Sir4 in the complex. Examination of the above assembly reactions by EM revealed that active substrate deacetylation was accompanied by a dramatic structural rearrangement in SIR particles. Particles from assembly reactions that lacked NAD or contained NAD and an unacetylated histone H4 peptide appeared as globular structures with a diameter of about 20 nm ( Figure 5A and Figure S3) . Most of the particles from reactions that contained a tetra-acetylated, instead of an unacetylated, histone H4 peptide but were otherwise identical appeared as elongated cylinders of various sizes ( Figure 5B ). In general, in the absence of NAD-dependent deacetylation, nearly all of the observed particles on the grid appeared globular, whereas upon substrate deacetylation more than 80% of the particles adopted the cylindrical conformation (Table 1; Figure S3 ). The variation in particle size Figures 5B and 5G) , demonstrating that NAD-dependent deacetylation was responsible for the observed structural changes in the SIR particles in our assembly reactions.
We next asked whether the products of NAD-dependent deacetylation could promote the globular-to-cylindrical structural transition in trans. The bacterial Sir2-like protein, CobB, deacetylates histone substrates using a reaction mechanism that is identical to Sir2 and produces AAR (Tanner et al., 2000) . We added CobB to assembly reactions that contained the enzymatically inactive Sir2-H364Y/Sir4 complex, Sir3, acetylated H4 peptide, and NAD. As shown in Figures 5C and 5H , the addition of CobB could compensate for lack of activity in the Sir2-H364Y/Sir4 complex and promoted the globular-to-cylindrical transition to an extent similar to that observed in reactions containing wild-type Sir2 (Table  1) . Furthermore, we performed deacetylation reactions using immobilized Sir2/Sir4 complexes and tested whether the supernatant of reactions containing the products of NAD-dependent deacetylation could promote the structural rearrangement in SIR particles. As shown in Figures 5D and 5I , the products of NAD-dependent deacetylation promoted the globular-to-cylindrical transition in the enzymatically inactive Sir2-H364Y/Sir4/ Sir3 particles. On the other hand, the products of a mock deacetylation reaction containing the enzymatically inactive Sir2-H364Y had no effect on the appearance of the Sir2-H364Y/Sir4/Sir3 particles ( Figure 5J) . Finally, the observed structural changes required the presence of all three Sir proteins, and the addition of nicotinamide, another product of NAD-dependent deacetylation, did not affect the appearance of the SIR particles ( Figure 4C, Figure S3 , and data not shown). These experiments suggest that the product of NADdependent deacetylation, AAR, acts on one of the proteins in the complex to promote the association of Sir3 with Sir2/Sir4 and induce a structural rearrangement in the resulting complex.
To determine whether purified AAR could promote SIR-complex assembly and induce a structural change in SIR particles, we performed large-scale deacetyla- tion reactions using the highly active yeast Sir2-like protein Hst2 and purified the resulting reaction products on a C 18 HPLC column ( Figure 6A) . Each of the peaks from the C 18 column was analyzed by matrixassisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry and identified the expected mixture of acetylated and partially deacetylated histone peptides, unconsumed NAD, and AAR ( Figure 6B and data not shown). AAR eluted from the column as two peaks, which are likely to represent 2#-AAR and 3#-AAR. We also employed a simpler thin-layer chromatography (TLC) assay to visualize the products of NAD-dependent deacetylation and their relative purity ( Figure 6C ). Consistent with the mass spectrometry results ( Figure 6B ), TLC analysis confirmed that one of the two AAR peaks was pure and lacked detectable NAD ( Figure 6C , lane 6). This AAR peak was therefore used in assembly reactions. As shown in Figure 6D , purified AAR increased the ratio of Sir3 to Sir2/Sir4 in SIR-complex assembly reactions (by approximately 2-fold relative to Sir2). Furthermore, in the presence of an unacetylated H4 peptide, AAR promoted the globular-to-cylindrical structural rearrangement in SIR particles ( Figure 6E) . The above AAR-induced changes in the stoichiometry and appearance of the SIR particles required all three Sir proteins as well as an unacetylated H4 peptide (data not shown). We conclude that AAR, a product of NAD-dependent deacetylation, acts together with a deacetylated histone tail to regulate SIRcomplex assembly.
Discussion
Our analysis of the assembly of Sir2, Sir3, and Sir4 into the SIR complex has revealed a role for active NADdependent substrate deacetylation in this process. We find that purified Sir proteins can assemble together into a stoichiometric complex. Moreover, Sir2-dependent deacetylation of a histone substrate, which is coupled to NAD hydrolysis and the generation of O-acetyl-ADP-ribose (AAR), increases the amount of Sir3 relative to Sir2 and Sir4 in the complex. This change in stoichiometry is accompanied by a dramatic change in the shape of Sir particles visualized by EM. Reconstitution experiments demonstrate that AAR acts together with the deacetylated histone substrate to modulate SIRcomplex stoichiometry and structure. Our results also reveal that Sir3 and Sir2/Sir4 bind to histone H3 and H4 amino termini in a manner that is remarkably sensitive to the acetylation state of these regions. The SIR complex is assembled from the association of a Sir2/Sir4 complex with dimers of Sir3, which are in equilibrium with higherorder Sir3 oligomers. Recruitment to chromatin and NAD-dependent deacetylation of histone tails by Sir2 promote a structural rearrangement in the complex that is mediated by AAR and association with deacetylated histone tails. H4-K16Ac, whose deacetylation is essential for SIR-complex binding, is highlighted on nucleosomes (gray circles).
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by the Sir3-Sir4 interaction and one driven by homotypic interactions between Sir3 dimers (Figure 7) .
Implications for the Mechanism of Gene Silencing
Our data strongly suggest that NAD-dependent deacetylation plays a unique role in assembly of silent chromatin. In addition to deacetylation of histone tails, which is critical for binding of the SIR complex to chromatin, the synthesis of AAR modifies the stoichiometry and structure of the SIR complex. We propose that AAR contributes to the formation of a stable chromatin bound SIR complex and provides an additional level of stringency for heterochromatin assembly ( 
In Vitro Assembly of SIR-Silencing Complexes
The Sir2/Sir4 complex was immobilized on IgG-Sepharose via the TEV-cleavable TAP tag containing two protein A repeats and a calmodulin binding peptide at the N terminus of Sir4. The IgG-Sepharose-Sir2/Sir4 resin was then incubated with purified Sir3 in the presence or absence of a histone H4 amino-terminal peptide, with or without NAD, for 2 to 4 hr. After washing to remove unbound ligands, complexes were eluted from the resin using cleavage with TEV protease and analyzed by gel electrophoresis and electron microscopy.
Deacetylation Reactions
Approximately 2.5 mg GST-Hst2 or 0.5 mg TAP-Sir4/Sir2 or TAPSir4/Sir2-H364Y was immobilized on glutathione-Sepharose 4B (Amersham Biosciences) or on IgG-Sepharose beads (Amersham Biosciences), respectively. The immobilized GST-Hst2, TAP-Sir4/ Sir2, or TAP-Sir4/Sir2-H364Y was incubated with 1 mM β-NAD + and 1.5 mM tetra-acetylated histone H3 peptide (for Hst2) or tetra-acetylated histone H4 peptide (for Sir2) in 1.75 ml of 50 mM Tris-HCl (pH 7.5), 50 mM KCl (for Hst2) or HEPES-KOH (pH 7.0), 300 mM KCl, 1 mM Mg(OAc) 2 (for Sir2) for 2.5 hr at 30°C followed by overnight at 4°C. Protein bound to the IgG-Sepharose beads was then pelleted by centrifugation, and the enzymatic reaction products in the supernatant were either tested directly or purified as described below.
High Performance Liquid Chromatography (HPLC) and Mass Spectrometry
Large-scale deacetylation reaction products were separated as described with modifications (Borra et al., 2002; Jackson and Denu, 2002). Reaction mixtures were purified by HPLC using a Vydac semipreparative small-pore C 18 column. The purification conditions were as follows: the column was developed using a gradient of 0% to 8% acetonitrile (ACN) in 20 min followed by 8% to 40% ACN containing 0.05% trifluoroacetic acid in 20 min at a flow rate of 10 ml/min. Product peaks were isolated, identified by MALDI-TOF mass spectrometry, checked for purity by analytical HPLC, and lyophilized. MALDI-TOF mass spectrometry was performed on an Applied Biosystems Voyager-DE workstation using dihydroxybenzoic acid (DHB) as a matrix. Samples were desalted using C 18 Zip-tip desalting pipette tips and were spotted with an equal volume of saturated DHB. MS data were collected in both positive-and negative-ion modes.
Thin-Layer Chromatography
Two microliters of samples was spotted on TLC aluminum sheets (EM Science), which were developed with water/ethanol/ammonium bicarbonate (30%:70%:0.2 M) solvent for w85 min at room temperature. After drying, the sheet was visualized by UV illumination and photographed. 
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